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VENUS SWINGBYS for  MANNED MARS MISSIONS 

DURING t h e  1978-1986 PERIOD 

+ Arthur A. Vander Veen 

The Venus swingby mode of manned Mars missions i s  in- 
vest igated i n  depth t o  determine i f  t h i s  mode can be 
e f f ec t ive ly  used t o  extend t h e  window of available 
launch opportunities during t h e  1978-1986 period. 
l o c i t y  contours are p lo t ted  i n  two and three  dimensions 
t o  reveal  t h e  undulating charac te r i s t ics  of t h e  Venus 
swingby t r a j e c t o r y  surfaces.  It i s  noted t h a t  ce r t a in  
regions of a t r a j ec to ry  surface may overlap or be other- 
wise obscured from view, when the  contours are p lo t t ed  
i n  t h e  conventional manner. The c r i t e r i o n  f o r  mission 
evaluation i s  t h e  mass required t o  be placed i n  Earth 
o r b i t  (MEO) .  ME0 versus t r i p  duration i s  p lo t t ed  f o r  
various t r a j ec to ry  l e g  combinations of swingby missions 
i n  1978, 1979, and 1983. ME0 values f o r  these  missions 
as w e l l  as fo r  swingbys i n  1984 and 1986 a re  compared 
t o  those f o r  t h e  opposition c l a s s  missions i n  t h e  same 
time period. Nuclear propulsion and aerodynamic braking 
a t  M a r s  a re  considered. Results ind ica te  t h a t  t h e  t i m -  
i ng  incompat ib i l i t i es  associated with the  #5-type swing- 
by missions are more severe than i s  cur ren t ly  appreci- 
ated.  By v i r tue  of t h e  ava i l ab i l i t y  of only #5-type 
swingby missions i n  1978 and 1984, a t t r a c t i v e  swingby 
missions are  not avai lable  during each opposit ion per iod 
t o  reduce t h e  ME0 requirement over d i r ec t  missions. It 
i s  found t h a t  ME0 requirements of t he  1979 and 1983 
swingby missions and the  1986 opposition c l a s s  d i r ec t  
mission are a l l  very nearly equal f o r  a given propulsion 
mode. Aerodynamic braking a t  Mars can y i e l d  mass sav- 
ings of up t o  60 per  c e n t .  

Ve- 

INTRODUCTION 

Launch opportunities f o r  d i r e c t  round t r i p  f l i g h t s  t o  Mars occur periodi- 

c a l l y  with the  Mars opposition cycle. However, t he  mass required i n  in i -  

t i a l l y  Earth o r b i t  (MEO) i s  strongly dependent upon Mars' r e l a t i v e  posi- 

t i o n  i n  i t s  eccent r ic  orbit--the l e a s t  mass being required f o r  encounters 

near  Mars' per ihel ion.  A tabulat ion of Mars opposition dates and t h e i r  

associated he l iocent r ic  longitudes shows t h a t  f i f t e e n  opposit ions com- 

p r i s i n g  thirty-two years a re  required before t h e  angular pos i t ion  cycle 

+ Member of Technical S t a f f ,  Bellcorn, Inc . ,  Washington, D. C .  
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i s  approximately repeated.* On the average, then, an opposit ion per iod 

requires  about 2 .1  years ,  during which t i m e  t h e  he l iocen t r i c  angle ad- 

vances forty-eight degrees. 

The f i v e  oppositions from 1978 through 1987, i n  addi t ion t o  spanning an 

e r a  i n  which manned Mars missions w i l l  probably be of prime i n t e r e s t ,  a 
a l so  span t h e  range of launch d i f -  

f i c u l t y  with respect  t o  propulsion 

requirements. Opposition-class 

t r i p s  t yp ica l ly  a r r ive  a t  Mars 

sho r t ly  a f t e r  t he  date of opposi- 

t i o n .  It i s  noted i n  Fig. 1 that 

i n  t h e  1978 mission Mars is en- 

countered just  e ight  degrees be- 

yond Mars' aphelion, while i n  1986 
encounter occurs at a t r u e  anomaly 

of t h i r t e e n  degrees. The lengths 

of t h e  pos i t ion  vectors i l l u s t r a t e  

t he  s t rong var ia t ion  i n  mass re- 

quirements associated with the  respective launch opportuni t ies .  It is  

seen t h a t  for t he  vehicle parameters assumed a three-to-one var ia t ion  

e x i s t s  between the  1978 and 1986 opportuni t ies .  

The ME0 var ia t ion  with opposition year  i s  considerably l e s s  pronounced 

when nuclear propulsion systems and/or aerodynamic braking at Mars i s  

considered (Fig. 2 ) .  How- 

ever ,  these modes a re  not now 1 

operat ional ,  and other  means 

of  providing r e a l i s t i c  launch 

opportuni t ies  f o r  each opposi- t 
t i o n  period should be sought. 

The Venus swingby mode, as it 
w a s  ca l l ed  by Sohn i n  1963, I 

u t i l i z e s  a close approach t o  c 

Venus on one of t he  t r a j e c t o r y  

l 

T d  

m 

0 
0 ' 
s 

1 

1 

FIG 2 MCO VAl lANQd WITH D K n l T I W  V I A R  
rcm uncci YISUOIS. 

* The ME0 cycle requires  approximately s ix teen  years.  

+ See Table 1 for propulsion mode nomenclature. 
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l egs  t o  favorably per turb t h e  t r a j ec to ry  and reduce t h e  high Earth a r r iv-  

a l  ve loc i t i e s  associated with t h e  d i r ec t  mission mode. The f e a s i b i l i t y  

of t h i s  mode has been demonstrated by a number of authors i n  s tud ie s  t h a t  

i nves t iga t e  t h e  a v a i l a b i l i t y  of Venus for t h i s  purpose and determine t h e  

extent  of mass savings t h a t  may be r ea l i zed  f o r  s p e c i f i c  missions. 

Deerwester2 analyzed swingby missions i n  1975, 1978 and 1980 t o  e s t a b l i s h  

minimum mass requirements f o r  comparison with d i r e c t  mission requirements, 

and he presented t h e  method of graphically displaying t h e  swingby tra- 

jec tory  data  current ly  i n  use. 

This paper inves t iga tes  i n  depth swingby missions during the  1978, 1980 

and 1982 opposition periods with supplementary data  f o r  those of 1984 and 

1986. The i n t e n t  i s  t o  l ea rn  more about t h e  e f f e c t  on ME0 of varying 

swingby parameters, such as Venus passage da te ,  f i r s t  and second l e g  t rans-  

it time, t o t a l  t r i p  duration and stopover t ime, and a l so  t o  note any s h i f t  

of t h e  optimum caused by changes i n  propulsion modes. 

TvT??!S SWINGBY MISSION OPPORTLEfITIES 

A s  s t a t e d  e a r l i e r  , f i f t e e n  Mars oppositions comprising thirty-two years 

i s  required fo r  the  same Sun-Earth-Mars configuration (syzygy) t o  approx- 

imately repeat i t s e l f  i n  absolute space. This syzygis t ic  cycle--to use 

the  nomenclature of Gi l lesp ie  and Ross3--also includes the  planet  Venus, 

which comes i n t o  alignment with Mars seven t i m e s  during each th ree  Mars- 

Earth opposition periods--one syzygis t ic  period. Once during each syzy- 

g i s t i c  period the  same r e l a t i v e  posi t ion of t he  th ree  planets  i s  repeated, 

and once each cycle t h e i r  posit ions a re  repeated absolutely.  

G i l l e sp ie  and Ross c l a s s i f i e d  the  various types of Venus swingby missions 

( f o r  e i t h e r  outbound or homebound Venus encounters) according t o  t h e  num- 

b e r  of i t s  associated Mars-Venus alignment from the  reference date  of 

August 24, 1978 (JD 244 7032), when t h e  th ree  p lane ts  and t h e  Sun are  a l l  

i n  alignment. Of t he  seven types t h e o r e t i c a l l y  possible  only t h e  #3- and 

#5-types survive the  p r a c t i c a l  analyses of timing compatibi l i ty  and com- 

p e t i t i o n  with d i r e c t  mission opportunities.  

A s  was seen i n  Figs.  1 and 2 f o r  the  d i r e c t  missions,  Launch f avorab i l i t y  

improves from the  worst case i n  1978 t o  t h e  most favorable case i n  1986. 
Therefore, Venus swingby 5 - s s i o n s  i n  t h e  la te  1970's and ea r ly  1980's are 

l i k e l y  t o  reduce the  mass requirements more s i g n i f i c a n t l y  than those i n  
t h e  mid 1980's when d i r e c t  mission opportuni t ies  are favorable.  

3 



In  order t o  represent a general  cross-section of Venus. swingby missions 

without requir ing inordinate  amounts of computation, t he  missions and 

modes l i s t e d  i n  Table 1 were 

selected.  (The dates corre- 

spond t o  Mars-Venus align- 

ments. ) The November 27, 
1984 homebound #5 and 

October 23, 1985 outbound 

#3 t r a j e c t o r y  parameters were 

obtained from R e f .  3 without 

optimization, but were run 

under common ground rules t o  

present  comparable data  f o r  

t h e  full range of d i r e c t  

mission launch favorabi l i ty .  

a Mission 

Table 1 

W S  SWINCBY MISSIOkS STUDIED 
Propulsion Stopover 

Mode. Tine 

N-N-A-CA 10 Days  
N-A-N-CA 10 Days 

June 27, 1978 Homebound No. 5 

Juue 9 ,  1979 Outbound No. 3 C-C-C-CA 8 - 13 Days 
C-A-C-CA 8 - 13 Days  
N-N-N-CA 8 - 13 Days  
N-A-A-CA 8 - 13 Days 

January 31. 1983 Homebound No. 3 C-C-C-CA 10 Days 
C-A-C-CA 10 Days 
N-N-N-CA 10 b 20 Days  
A-A-I-CA 10 Days  

November 27, 1984 Homebound No. 5 C-C-C-CA 18 D a y s  

C-C-C-CA 29 Days October 23, 1985 Outbound No. 3 

*C--Chemical 
N-Nuclear 
A--Aerodynamic braking at Mars (totally) 
CA--Chemical retro to 50.000 i p s  at Earth, if required, and aero- 

(The sequence is Earth escape-Mars retro-Mars escape-Earth retro 
dynamic braking from speeds up to 50,000 i p s .  

and capture) 

VELOCITY CONTOURS--TRAJECTORY SURFACES 

The veloci ty  contours were p lo t ted  from in te rpola ted  t r a j e c t o r y  da ta  gen- 

e ra t ed  with t h e  Medium-Accuracy Interplanetary Transfer computer programs 

t h a t  were used t o  generate t h e  data found i n  t h e  "Planetary Space F l ight  

Handbook". Velocity contours , o r  more appropriately,  t r a j e c t o r y  surfaces  

upon which curves of  constant veloci ty  a re  p lo t t ed ,  are shown f o r  both t h e  

d i r e c t  and swingby legs  f o r  each o f  t he  missions considered. 

pa i red  , these  s u r f  aces repre sent  mathematically possibly t r a  j e c t  ory-leg 

combinations, which comprise round t r i p s  t o  Mars and pass c lose t o  Venus. 

P r a c t i c a l  considerations r e s t r i c t  t h e  surface areas of i n t e r e s t  t o  those 

regions a t  which t h e  departure and a r r i v a l  ve loc i t i e s  at both Mars and 

Earth a re  not prohib i t ive ly  high and a t  which the  t r a j e c t o r i e s  a r e  not re- 

quired t o  pass through t h e  planet Venus. 

4 

When properly 

o 
The direct- leg t r a j e c t o r y  surfaces represent unique prograde t r a j e c t o r i e s  

f o r  given date-pairs according t o  Lambert's l a w ,  which states t h a t  t he re  

exists a s ing le  he l iocent r ic  conic t r a j e c t o r y  connecting two p lane ts  when 

t h e  date  of departure from t h e  first planet  and the  date  of a r r i v a l  at 

t h e  second planet  are specif ied.  However, s ince  t h e  swingby l e g  i s  it- 

s e l f  a combination of two d i r e c t  legs  (matched by date and ve loc i ty  at 

Venus) , some regions of t he  swingby t r a j e c t o r y  surfaces are double-valued; 

i . e . ,  there  e x i s t  two possible  t r a j e c t o r i e s  ( t h a t  pass Venus a t  two 

f e ren t  dates) f o r  t he  same Earth-Mars date-pairs.  

d i f -  

These regions are 



character ized by crossing of t h e  veloci ty  contours (e.g. , see  Fig. 7)  , 
when the  three-dimensional surface i s  projected on a plane i n  t h e  conven- 

t i o n a l  manner. In  most cases , for tunately,  t h e  double-valued regions l ay  

outs ide of t h e  areas of p rac t i ca l  s ign i f icance  by reason of i n s u f f i c i e n t  

Venus passage dis tance or  excessive ve loc i ty .  However, cases have been 

encountered i n  which surface undulations obscure regions of possible  in- 
t e r e s t  because of t he  manner i n  which t h e  surfaces  w a s  projected f o r  i l l u -  

s t r a t i o n .  Fig. 3B shows a region of poss ib le  i n t e r e s t ,  which when p l o t t e d  

i n  t h e  conventional manner i s  viewed almost t angen t i a l ly  t o  t h e  surface.  

The t r a j e c t o r y  d e t a i l s  are seen t o  merge t o  t h e  extent  t h a t  they cannot be 

accurately in te rpre ted .  By p lo t t i ng  t h e  surface i n  terms of Venus passage 

date  , which ro t a t e s  t h i s  surface by n ine ty  degrees , a new pro jec t ion  i s  

obtained which presents  t h e  data  c l ea r ly  (Fig.  3C). 

The #5-type Venus swingby t r a j ec to ry  sur faces ,  i n  p a r t i c u l a r ,  undulate so 

wildly,  possessing high r idges and plateaus and deep va l leys ,  t h a t  it i s  

d i f f i c u l t  t o  assess  whether o r  not a l l  areas of p r a c t i c a l  i n t e r e s t  have 

been invest igated.  Indeed, a region of pe r fec t ly  acceptable t r a j e c t o r i e s  

i n  addi t ion t o  those presented ex is t s  f o r  t h e  1978 homebound # 5  with al- 

most i d e n t i c a l  ve loc i ty  requirements , but  with t r i p  durations extended by 

about one-hundred days. 

MISSION PROFILE AND VEHICLE CONSTRAINTS 

The primary c r i t e r i o n  for miss ion  evaluat ion i s  t h e  m a s s  required t o  be 

placed i n  Earth parking o r b i t  by t h e  launch vehicle ,  which, obviously, 

depends upon t h e  assumptions made regarding vehicle  propulsion parameters 

f o r  each s tage  of t h e  mission. However, s ince  t h i s  paper i s  not concerned 

with e s t ab l i sh ing  an accurate se t  of launch vehicle design spec i f i ca t ions  , 
l i t t l e  s ign i f icance  should be placed upon t h e  performance parameters as- 

sumed f o r  t he  bas ic  vehicle  as long as they represent  values t h a t  are at- 

t a inab le ,  or nearly so ,  i n  t h e  t i m e  span of i n t e r e s t .  Although t h e  cal-  

cu la ted  values of ME0 are given for t h e  missions considered, t h e  emphasis 

should be placed upon the  var ia t ion i n  ME0 and t r i p  duration with opera- 

t i o n a l  mode and mission year.  The mission p r o f i l e ,  module weights, and 

propulsion parameters used i n  the ME0 ca lcu la t ions  are given i n  Table 2. 

Aerodynamic braking from speeds up t o  50,000 fps  i s  assumed a t  Earth ar- 

r i v a l  i n  a l l  cases,  and some missions consider aerodynamic braking a t  Mars 

5 
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as  w e l l .  In  t he  l a t t e r  case a 500 fps AV allowance was assumed f o r  ma- 

neuvering t o  achieve t h e  des i red  

Martian parking o rb i t .  Idea l  

AV's  were corrected f o r  gravity- 

losses  by reference t o  curves 

prepared from integrated-t  raj ec- 

t o r y  data. Nuclear propulsion 

was considered f o r  a few re fe r -  

ence missions f o r  comparison 

purposes. 

ME0 DETERMINATION 

The purpose of p l o t t i n g  t h e  ve- 

Table 2 

MISSION CONSTRAINTS 

Mission P ro f i l e  

Escape from 100 nm Earth parking o r b i t .  
Retro or aerodynamically brake in to  Mars parking o r b i t .  
Descent and Ascent propulsion system ve ights  including 

i n  MEM weight. 
at Mars f o r  purposes of park in i  o r b i t  cor rec t ion  
when aero-braking mode i s  used. 

Escape from 100 MI Martian parking o r b i t .  
Aero-brake from speeds up t o  50.000 i p s  at Earth a r r iva l .  

Allow 500 f't/sec maneuvering AB 

Retro-thrust t o  50,000 f p s  i f  necessary. 

Module Weights 

Mission Module (MMM) 90.000 lbs  
Excursion Module (MEM) b7.500 lbs  
Recovery Capsulr (Not including heat sh i e ld )  10,000 l b s  
Expendable U s w r  Rate 50 lbs/day 
Heat Shiela weights i n  accordance with Ref. 5 

Propulsion Parameters 
Chemic a1 Nuclear 

SP SP 
I h  I A T/We T/Wt 

Earth Escape 465 .94 800 .85 6 .25 
.10 Mars Retro 465 .92 800 .EL 6 

330" .90a 
800 .84 6 .25 l o c i t y  contours i s  t o  provide the MarsEscape L65 .92 

Earth Retro 465 .06 
mission analyst  with a graphic I - specific impulse 

SP 
A - mass f rac t ion  d i s p l w  of possible  t r a j e c t o r i e s  
T/W - thrust/engine weight e 

fron; which he car. s e l e c t  optimum T/Wt - t h rus t / t o t a l  weight 
- s torab le  propellent fo r  500 ms maneuvering bV during Mars 

aero-braking. round t r i p s  on a ve loc i ty  bas i s .  

Since vehicle  performance parameters and propulsion mode a f f e c t  t h e  op- 

t i m u m  t r a j e c t o r y  based on minimum MEO, t h i s  t r a j e c t o r y  cannot be readi ly  

determined, and although it yields  a lower bound on t h e  mass requirement 

f o r  a p a r t i c u l a r  mission year  and es tab l i shes  representa t ive  l e g  and t r i p  

t imes,  t h e  minimum ME0 t r a j ec to ry  y i e lds  no in s igh t  i n t o  t h e  e f f e c t s  of 

mission var ia t ions .  

I n  order t o  determine t h e  e f f ec t  of var ia t ions  i n  launch date ,  Mars ar- 

r ival  date, stopover t i m e ,  Venus passage da te ,  and t r i p  durat ion,  a series 

of t r a j e c t o r i e s  were se l ec t ed  which span the  regions of primary i n t e r e s t  

on t h e  t r a j e c t o r y  surfaces .  

t r a j e c t o r y  var ia t ions  were obtained by changing Venus passage date, Mars 

a r r i v a l  date ,  and Earth departure date i n  tu rn .  

j ec tory  information w a s  used with a spacecrar t  weight computer program 

t o  y i e l d  t h e  desired a r ray  of ME0 values. 

For a given Mars stopover time t h e  des i red  

The corresponding tra- 

RESULTS 

1978 Homebound #5 Venus Swingby Mission 

As s t a t e d  i n  t h e  introduct ion,  it would appear t h a t  because t h e  mass re- 

quirements for t he  opposit ion class d i r e c t  missions i n  1978 a re  prohib i t ive ly  

7 



high (g rea t e r  than 6-miiiion l b s  fo r  t he  C-C-C-CA* mode), t h e  Venus swing- 

by mode would demonstrate i t s  grea tes t  mass-savings po ten t i a l  during t h i s  

mission year .  However, t h i s  i s  not t he  case. Timing problems are encoun- 

tered at Mars t o  the  extent  t h a t  low energy round t r i p s  would requi re  t h e  

spacecraf t  t o  leave Mars p r i o r  t o  i t s  a r r i v a l  there .  Since at l e a s t  a 
shor t  stopover per iod w a s  assumed f o r  t h e  bas ic  mission philosophy, t h e  

ex i s t ing  timing incompatibi l i ty  was accepted, and t h e  bes t  t ra jec tory- leg  

combination w a s  determined on a minimum-mass basis.  

Fig. 4 shows t h e  mass va r i a t ion  with Venus passage date f o r  t h ree  Earth 

EARTn DEPARNRE 

2Q118O I S 2  DAYS 
l y l l l l O  I 1 2  DAYS 

Venus Paa~aq. Date 

FIGURE Y.  ME0 V A R I A T I O *  WlTU YEWS PASSABE DATE 
FOR 3 EARTH D E I I R N R E  DATES FOR THE 

( i - i - i - C A  W E )  
1918 UOYEWU~D 15 vau ~ w i i e ~ v  nission 

departure dates and reveals  t h a t  t he  optimum passage date occurs just 

after J D  244 3752. Because more data w a s  avai lable  f o r  a passage date  

of J D  244 3750, t h i s  date w a s  used and he ld  constant f o r  t h e  curves of 

Fig.  5 ,  which i l l u s t r a t e  t h e  ME0 va r i a t ion  with Earth departure date f o r  

four  Mars a r r i v a l  dates .  The minimum ME0 t r a j e c t o r y  i s  ind ica ted  by 

t h e  marker and i d e n t i f i e s  J D  244 3580 as t h e  optimum Mars a r r i v a l  date. 

These two dates define t h e  optimum swingby t r a j e c t o r y  and t h e  Mars ar- 

r i v a l  date  f o r  t h e  d i r ec t  outbound leg .  The ME0 var ia t ion  with Earth de- 

par ture  date i s  shown i n  Fig. 6. 
t h e  e f f e c t  of launch delays 

places  a cons t ra in t  on the  a r r i v a l  and departure dates a t  Mars and, hence, 

on t h e  swingby t r a j ec to ry .  Trip duration i s  therefore ,  d i r e c t l y  r e l a t e d  

+ 

This curve can be construed t o  represent  

because t h e  t iming incompatibi l i ty  a t  Mars 

* See Table 1 f o r  propulsion mode descr ipt ions.  

+ Or four  Mars departure da tes ,  s ince 10-day staytimes were used. 
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Fig. 3A and not ing t h a t  these t r a j e c t o r i e s  l i e  near t h e  180°-transfer 

r idge where they are highly incl ined t o  the  e c l i p t i c  plane.  

The e f f e c t  of changing t h e  Venus passage date from J D  244 3750 t o  

J D  244 3752 i s  not not iceable  i n  t he  ME0 r e s u l t s ,  and both swingby tra- 

j e c t o r i e s  a r r i v e  a t  Earth within one-tenth of a J u l i a n  day of  each other .  

The change r e s u l t s  i n  a c lose r  passage dis tance and g rea t e r  bend angle a t  

Venus, causing t h e  t r a j e c t o r y  t o  terminate a t  t h e  same he l iocen t r i c  posi- 

t i o n  a t  Earth encounter. 

The t r a j e c t o r y  da ta  representing t h e  minimum-ME0 t r i p  f o r  t h e  1978 
N-N-N-CA mission i s  given i n  Table 3 .  It i s  noted t h a t  t h e  m a s s  require- 

ment remains prohib i t ive ly  high--higher than f o r  opposit ion c l a s s  missions. 

However, s ince  r e l a t i v e l y  shor t  t r i p  durations are  required (% 425 days) ,  

i f  other  means o f  reducing ME0 (e .g . ,  e l l i p t i c a l  Martian parking o r b i t s  

or aerodynamic braking a t  Mars) could be provided, t h i s  mission year  

could y i e l d  an a t t r a c t i v e  launch opportunity. 

1979 Outbound #3 Venus Swingby Mission 

Some d i f f i c u l t y  was encountered i n  p l o t t i n g  and in t e rp re t ing  the 1979 out- 

bound #3 t r a j e c t o r y  surfaces ,  because some o f  t he  ve loc i ty  contours of t h e  

swingby surface appeared t o  cross each o the r  (Fig.  7A). 
plot w a s  made (Fig.  

and has a l a rge  usable region extending upward from t h e  1.0 Venusian radius  

contour. 

A three-dimensional 

8 ), which reveals t h a t  t h e  surface i s  saddle-shaped 

Fig.  9 shows t h a t  t he  optimum Venus passage date  on a minimum-mass bas i s  i s  
JD 244 4000 f o r  t he  th ree  Earth departure dates  ind ica ted ,  when t h e  
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F I G .  8 3-DIMENSIONAL ILLUSTRATION OF THE 9 JUN 1979 OUTBOUND 
#3 VENUS SUINGBY TRAJECTORY SURFACE 

C-C-C-CA propulsion mode i s  used. 

t h a t  l i e  i n  t h e  ridge region of the  saddle-shaped sur face ,  where departure 

v e l o c i t i e s  a re  a t  t h e i r  minimum f o r  a given Mars a r r i v a l  date.  By speci-  

f'ying an Earth departure date and a Venus passage da te ,  t he  outbound 
swingby t r a j e c t o r y  and, hence, the Mars a r r i v a l  date  i s  determined. Tra-  

j ec tory  var ia t ions  can then be made on t h e  d i r e c t  homebound leg .  Fig. 10 

shows the  ME0 var ia t ion  as a function of Earth a r r i v a l  date f o r  t h e  t h r e e  

swingby t r a j e c t o r i e s  considered. The dashed curves represent homebound 

t r i p s  of equal duration. The f la tness  o f  these  curves can be explained 

by analysis  of Figs. 11 and 7. Earth,  a t  a t y p i c a l  a r r i v a l  date ,  i s  i n  

such a pos i t ion  r e l a t i v e  t o  Mars a t  the  Mars departure date  t h a t  essen- 

t i a l l y  t h e  same Mars departure conditions e x i s t  for a whole s e r i e s  of  

These dates correspond t o  t r a j e c t o r i e s  
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t r a j e c t o r i e s  associated with incremented t r i p  durations.  This theory i s  

graphical ly  confirmed i n  Fig. 7B by t h e  lack  of any appreciable Mars de- 

par ture  ve loc i ty  gradient fo r  Earth a r r i v a l  dates between JD 244 4350 and 

JD 244 4400. In addi t ion,  t he  assumption was made t h a t  Earth entry would 

be accomplished by aerodynamically 

braking from speeds up t o  50,000 

f p s ,  which n u l l i f i e s "  t h e  e f f e c t  

of crossing the  e x i s t i n g  Earth 

a r r i v a l  ve loc i ty  contours i n  t h e  : 

0 
6 

5 

E 

di rec t ion  of t h e i r  s teepes t  grad- x u  
z 
I 

I ;:z;T \ DATES 

i e n t .  The minimum-ME0 t r a j ec to ry  

i s  l i s t e d  i n  Table 3. 

A similar set of curves is  shown 

f o r  t he  C-C-C-CA mode i n  Fig.  12 .  

For t h i s  case an addi t iona l  E a r t h  

2 

I 

departure date w a s  considered t o  D 

Venua Passage Date (Julian Date) 

i l l u s t r a t e  t h e  e f f e c t  of leaving 

the  r idge area of t h e  swingby t r a -  

j ec to ry  surface.  

aside from t h e  derived reduction i n  ME0 requirements, i s  t h e  ex ten t  t o  

which the  t r a j e c t o r y  parameters are biased toward e a r l i e r  Mars a r r i v a l  and 

departure dates while maintaining equivalent t r i p  durations.  Here, again,  

t h e  s t eep  ve loc i ty  gradient is  n u l l i f i e d  by means of aero-braking t o  t h e  

ex ten t  t h a t  t h e  outbound swingby t r i p  i s  shortened some f o r t y  days and 

FIQURE 9. ME0 VARIATION WITH VENUS PASSAGE DATE FOR 3 EARTH DEPARTURE 
DATES FOR THE 1979 C-C-C-CA VENUS SWINGBY MISSION 

The most s ign i f i can t  e f f e c t  of changing propulsion modes, 

t h e  d i r e c t  homebound l e g  I 

i s  lengthened by the  6 
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* Except f o r  small changes i n  heat-shield weight. 



1983 Homebound #3 Venus Swingby Mission 

The 1983 Homebound #3 swingby t r a j ec to ry  surface i s  seen i n  Fig. 1 4  t o  be 

well-defined with minimum Mars departure ve loc i t i e s  occuring a t  Mars de- 

par ture  dates of approxi- MPUT YIM 

mately JD 244 5243, i f  re- 

t u r n  t r i p s  of 300-days du- 

r a t ion  are allowed. How- 

ever, t h e  d i rec t - leg  sur- 

face shows t h a t  t h e  t r a j ec -  

t o r y  parameters are biased 

toward somewhat e a r l i e r  Mars 

a r r i v a l  dates ,  and t h e  

trade-off optimizes a t  a 

J D  244 5222 a r r i v a l  f o r  a 

t e n  day stopover period. 

Fig.  15 shows t h e  ME0 vs. 

AT var ia t ion  as functions 

of Venus passage date ,  Mars 

a r r i v a l  date ,  and Earth de- 

pa r tu re  date. The "tails" 

on the  Earth departure and 

Mars a r r i v a l  curves are due t o  encounter with t h e  18o0-transfer r idge on 

t h e  d i rec t - leg  t r a j ec to ry  surface.  Data regarding t h e  minimum-mass t r a -  

FIGURE I I .  MISSION SLAM OF THE 1979 OUTBOUND 13 VENUS SWlWGEV MISSION 

j ec to ry  i s  found i n  Table 3. 

A comparison w a s  made be- 

tween 10- and 20-day stop- 

over periods at Mars using 

nuclear  propulsion , and 

t h e  results ind ica te  t h a t  

t h e  swingby l e g  i s  short- 

ened by about twenty days 

t o  achieve a 2.3% reduc- 

t i o n  i n  MEO. 

13 



1984 Homebound #5 and 1985 Outbound #3 Venus Swingby Missions 

Based on the  swingby t r a j e c t o r y  surfaces i l l u s t r a t e d  i n  Ref. 3, v e l o c i t i e s  

and dates represent ing t y p i c a l  t r a j e c t o r i e s  f o r  t h e  1984 homebound #5 and 

1985 outbound #3 Venus swingby missions were se l ec t ed  t o  determine cor- 

responding MEO's. The f irst  

1984 t r a j e c t o r y  used i n  t h e  

m a s s  ca lcu la t ions  r e su l t ed  

i n  an ME0 requirement i n  

excess of 5-million lb s  , 
which d id  not appear at a l l  

reasonable i n  v i e w  of the 

downward t r end  of mission 

requirements w i t h  opposi- 

t i o n  year.  The t r a j e c t o r y  

da t a  were more c lose ly  an- 

alyzed t o  obtain b e t t e r  tra- 

j ec to ry  parameters, and t h e  

r e s u l t i n g  mass requirement 

i n  o r b i t  w a s  found t o  be 

4.6-mi11ion lbs .  While t h i s  

value s t i l l  remains inordi-  

na t e ly  high f o r  a 1984-5 

mission year ,  it must be 

remembered t h a t  t h e  mission 

considered is  a #5-type with 

i t s  inherent  t iming incompat- 

i b i l i t y  at Mars. Also,  when 

compared w i t h  t h e  similar #5 

mission i n  1978 using t h e  

chemical mode, it i s  r ea l i zed  

t h a t  a reduction by a f ac to r  

o r  two w a s  achieved by chang- 

i n g  t h e  mission year.  

The s i n g l e  t r a j e c t o r y  analyzed 

fo r  t h e  1985 outbound #3 mis-  

itwn IS. onlu s o  IS. A1 Cullls Fa lYlOuS PIONlSIa WfI OF 
N f  I S 7 I  V U I S  W W I l  N11StO1 

Table 3 

MINIMUM-ME0 TRAJECTORIES 

Event 

Terminal 
Velocity 

Julian Date Calendar Date (emos) 

25 Jun 1978 Homebound U5, 
N-N-N-CA Mode, 424-Days. 
5.32-aillion lbs 

Eerth Departure 
Mars Arrival 
Mars Departure 
Venus Passage 
Earth Arrival 

9 Jun 1979 Outbound 13, 
C-C-C-CA Mode, 525-Days, 
2.12-million lbs 

Earth Departure 
Venus Passage 
Mars Arrival 
Mars Departure 
Earth Arrival 

31 Jan 1983 Homebound U3, 
C-C-C-CA Mode, 550-Days1 
2.27-million lbs 

Earth Depart,ire 
Mars Arrival 
Mars Departure 
Venus Passage 
Earth Arrival 

27 Nov 1984 Homebound U5, 
C-C-C-CA Mode, 464-Days, 
4.59-million lbs  

Earth Departure 
Mars Arrival 
Mars Departure 
Venus Passage 
Earth Arrival 

23 Oct 1985 Outbound U3, 
C-C-C-CA Mode, 560-Days. 
2.02-million lbs 

Earth Departure 
Venus Passage 
Mars Arrival 
Mars Departure 
Earth Arrival 

s i o n  r e su l t ed  i n  an ME0 require- 

ment of just over 2-million l b s  

1 4  

244 3398 12 Sep 1977 .2417 
244 3580 13 Mar 1978 .2819 
244 3590 23 Mar 1973 .2937 
244 3752 1 Sep 1978 .2522 61.658R 
244 3822 10 Nov 1978 .hill 

244 3840 28 Nov 1978 .1687 
244 4000 7 May 1979 .3338 t91.3458 
244 6162 16 Oct 1979 .1685 
244 4170 24 Oct 1979 .1509 
244 4365 6 May 1980 .1871 

244 4982 13 J~ 1982 .1502 
244 5222 10 Sep 1982 .1298 
244 5232 20 Sep 1982 .2141 
244 5387 22 Feb 1983 .3878 @1.854R 
244 5532 17 Jul 1983 .2099 

244 5750 20 Feb 1984 .1350 
244 5896 6 Apr 1984 .2750 
244 5914 2 Aug 1984 .1762 

244 621h 29 May 1985 .1300 
244 6084 19 Jan 1985 e1.6~ 

244 6150 26 Mar 1985 .14 

244 6490 1 Mar 1986 .2O 
244 6519 30 Mar 1986 .11 

244 6315 8 Sep 1985 e1.6~ 

2411 6710 7 oct 1986 .ii 
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for t h e  chemical mode. 

This value appears rea- 

sonable i n  v i e w  of  the  

1979 and 1983 #3 mis- 

s ions ,  and no attempt 

w a s  made t o  optimize 

the mission. 

ME0 requirements f o r  

each mission consid- 

e red  a r e  compared with 

opposit ion c lass  mis- 

s ions i n  Fig. 16. 
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FIG. 16 ME0 REQUIREMENTS FOR DIRECT AND SWINGBY 
MISSIONS FOR THE 1978 - 1986 OPPORTUNITIES 

CONCLUSIOWS 

A number of  conclusions can be made regarding Venus swingby missions i n  

general  based on the  s e t  o f  missions s tud ied  here:  

\ 
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1. 

0 2. 

0 3. 

4. 

5. 

The Venus swingby mode does not provide a t t r a c t i v e  launch opportu- 

n i t i e s  f o r  a l l  opposition years without recourse t o  nuclear propul- 

s ion or aerodynamic braking at Mars, because of t h e  t iming incom- 

p a t i b i l i t i e s  associated with the #5-type missions. 

The t iming incompatibi l i ty  a t  Mars associated with t h e  homebound #5- 

type missions i s  more severe than i s  indicated i n  the  ava i lab le  lit- 

e ra tu re ,  and, based on t h e  data presented i n  Ref. 3, it appears t h a t  

t he  outbound #5-type missions su f fe r  from timing incompat ib i l i t i es  

just as severely as do t h e  homebound types.  

The mass requirements of t he  1979 outbound #3 swingby, 1983 homebound 

#3 swingby, and t h e  1986 d i r ec t  missions a re  a l l  very near ly  equal. f o r  

a given propulsion mode. The signif icance of t h i s  result i s  t h a t  a 

vehicle  designed f o r  t he  minimum requirements of any opposit ion c l a s s  

mission could as wel l  be used i n  1979 or 1982 f o r  Venus swingby missions. 

Aerodynamic braking at Mars yields  mass savings of up t o  6 0 % ~  depending 

on mission year  and propulsion mode. 

The e f f ec t  of var ia t ions  i n  stopover duration m u s t  be inves t iga ted  f o r  

t h e  spec i f i c  mission under consideration but  i s  found t o  vary with pro- 

pulsion mode. 
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